Aims/hypothesis Individual sulfonylureas (SUs) and metformin have, in some studies, been associated with unequal hypoglycaemic, cardiovascular and mortality risks when used as monotherapy in type 2 diabetes. We investigated the outcomes in patients treated with different combinations of SUs and insulin vs a combination of metformin and insulin in a retrospective nationwide study. Methods All Danish individuals using dual therapy with SU+ insulin or metformin+insulin without prior myocardial infarction (MI) or stroke were followed from 1 January 1997 to 31 December 2009 in nationwide registries. Risks of all-cause mortality, cardiovascular death, hypoglycaemia and a composite endpoint of MI, stroke and cardiovascular death were compared. Rate ratios (RR) [95% CIs] were calculated using time-dependent multivariable Poisson regression analysis.
Introduction
The majority of patients with type 2 diabetes mellitus need more than one glucose-lowering drug to maintain long-term glycaemic control [1] , but questions remain over the safety of certain combinations and to what extent they might be associated with increased mortality or cardiovascular risks. Metformin is considered to be the first-line glucose-lowering therapy (GLT) in type 2 diabetes and is recommended at all stages of the disease if tolerated [2, 3] . A combination of insulin and a sulfonylurea (SU) was among the first widely used combination regimens [4] . This combination was found to improve glycaemic control in some studies [5] [6] [7] while others did not consider it clinically useful in most patients [8] , and the combination is not recommended in clinical guidelines [2, 4] . It has in fact been speculated that the combination of insulin and an SU could be associated with increased mortality mediated through hypoglycaemia [9] .
Experimental and clinical observational studies have suggested differences in risk associated with individual SUs [10] [11] [12] . Thus, glibenclamide (known as glyburide in the USA and Canada) has been associated with increased mortality compared with gliclazide [10, 11] and glimepiride [10] . Furthermore, the risk of hypoglycaemia has been reported to be higher with the use of glibenclamide compared with other SUs [12] . Previous studies have not been able to determine whether differences exist between combinations of SUs and insulin in terms of efficacy or safety [8] , but it has been speculated that differential effects of SUs may underpin the differences in outcome seen in recent clinical trials [11, [13] [14] [15] .
Using nationwide administrative registries in Denmark, we aimed to elucidate the contemporary use of SU and insulin in combination, and to compare the cardiovascular and mortality risks associated with their use against that of insulin used in combination with metformin in patients with type 2 diabetes mellitus.
Methods

Data sources
In Denmark, all residents are provided with a unique personal registration number enabling a linkage at an individual level between nationwide administrative registries. All prescriptions dispensed from Danish pharmacies since 1995 are recorded in the Danish Registry of Medicinal Product Statistics and coded by the Anatomical Therapeutic Classification (ATC) system. The data include the amount and strength of the drug and the date of dispensing. Records on all hospital admissions in Denmark since 1978 are available in the Danish National Patient registry and include primary and secondary diagnoses, coded according to the ICD-10 (www. who.int/classifications/icd/en/; ICD-8 before 1994). Vital status for all Danish residents was obtained from the Danish National Population registry, where information on all deaths is registered within 2 weeks after their occurrence. Causes of death based on death certificates according to the ICD-10 were obtained from the Danish National Cause of Death Register.
Population and exposure to GLTs We included all individuals ≥18 years who had not had a prior myocardial infarction (MI) or stroke and who used GLT with a dual combination of insulin and an SU or metformin after 1 January 1997. Treatment intervals were calculated for all types of glucoselowering drug including insulin (ATC code: A10A), metformin (A10B) and SUs: glibenclamide (A10BB01), glimepiride (A10BB12), tolbutamide (A10BB03), gliclazide (A10BB09) and glipizide (A10BB07). A continuous treatment period was assumed from the amount of the dispensed glucose-lowering drugs and the interval between up to four consecutively claimed prescriptions, if this was compatible with at least the minimal dose of the respective glucose-lowering drug [16] . All intervals were extended by 30 days to avoid artificial breaks in the calculated treatment durations. Sensitivity analyses without this extension were performed. Patients were included in the study at the time of the first claimed prescription of dual combination therapy with insulin and an SU or metformin.
Comorbidity, cardiovascular therapy and income Charlson Comorbidity Index scores were calculated for each patient based on discharge diagnoses up to 10 years prior to baseline [17] . Information on concomitant cardiovascular therapy included the use of statins (ATC code: C10AA), beta-blockers (C07), angiotensin-converting enzyme inhibitors/angiotensin receptor blockers (C09), calcium channel blockers (C08), other antihypertensive drugs (C02), aspirin (B01AC06), nitrates (C01D), vitamin K antagonists (B01AA), spironolactone (C03D) and digoxin (C01AA). The gross income 5 years prior to baseline was graded in quintiles as a measure of socioeconomic status. Furthermore, we included information on hypoglycaemic hospitalisations (ICD-10: E110E, E159, E160, E161 and E162).
Outcomes Measures of outcome comprised mortality, cardiovascular death and a composite endpoint of MI (ICD10: I21-I22), stroke (I61-I64) and cardiovascular death (I00-I99). To estimate the hypoglycaemic risk associated with insulin combination therapies after baseline, we used a first-time hypoglycaemic hospitalisation as an outcome measure in a multivariable analysis.
Statistics Time-dependent multivariable Poisson regression analysis was used to compare rate ratios (RRs) for all endpoints. In an analysis of the combined endpoint, the follow-up was censored after the occurrence of a first event of interest (MI, stroke or cardiovascular death). Follow-up started at baseline (the date of the first claimed prescription of insulin and SU or metformin) and ended when reaching a relevant endpoint or at 31 December 2009. Patients exposed to a relevant combination therapy contributed with time at risk to this particular combination until stopping or switching therapy, or reaching the end of the study. To account for changes in GLT during follow-up, the follow-up time was split at every change in glucose-lowering treatment, and the exposure status was modified accordingly for each date of change in therapy.
The exposure groups were metformin+insulin, SU+insulin or 'other therapy', which encompassed monotherapy, multitherapy (≥3 drugs) and various other two-drug combinations.
All models were adjusted for age, sex, duration of any GLT use (in years), calendar year of inclusion, Charlson score, income and concomitant cardiovascular pharmacotherapy. To account for the use of prior monotherapy, a variable indicating the initial use of SU, metformin or insulin prior to the initiation of combination therapy was included in the model.
As an example, a patient initiating metformin treatment, switching to SU (due to impaired kidney function) and then additionally prescribed insulin (due to inadequate glucose control on SU) is included in the study at the date of adding insulin on top of SU. The duration of treatment for diabetes included in the model is the time in years since initiating the first GLT (metformin). A variable indicating initial monotherapy is 1 for metformin and is included in the model. Renal disease is included in the model as two points added to the Charlson score. The patient is registered as having used both SU and metformin prior to inclusion in the study and is therefore not included in the sensitivity analyses on patients who have used solely SU or metformin (in the attempts to eliminate the potential effects of prior variability in monotherapy use).
Metformin+insulin was used as a reference in the primary analyses. As a mean of comparing metformin+insulin with the overall use of SU+insulin, we performed additional analyses in which all combinations of SU+insulin were pooled. When comparing individual SUs, glimepiride+ insulin, involving the most widely used SU, was used as the reference.
The assumptions of the Poisson model were tested and found valid.
In a propensity score matched analysis, patients using metformin+insulin were matched (1:1) with patients using SU+insulin. Matching was performed on all the baseline characteristics listed in Table 1 (Fig. 1 ). Among 77,145 patients without previous MI or stroke, 11,081 (14%) used SU+insulin and 16,910 (22%) used metformin+insulin. Their baseline characteristics are presented in Table 1 . Since some patients used more than one combination of drugs during the study period, the number of patients using each combination adds up to more than the total number of patients included (n=25,404).
Results
A total of 87,924 individuals initiated a combination of GLTs
Compared with SU+insulin, patients receiving metformin+insulin were younger, had less comorbidity, had a longer duration of monotherapy treatment and had more often used metformin prior to initiating insulin combination therapy. Among individual SU+insulin combinations, patients receiving glibenclamide+insulin and glipizide+insulin were older than average, whereas patients receiving repaglinide+insulin were younger and had less comorbidity. Patients receiving gliclazide + insulin more often used cardiovascular pharmacotherapy.
SU+insulin was used by 16% of patients receiving a combination therapy in the initial phase of the study, but its use declined throughout the study period (Fig. 2) . In 2009, SU+ insulin was used by 2,857 (5.1%) of patients using dual combination therapies. The median treatment duration for SU+insulin combination therapy was 92 days (interquartile range [IQR] 44-216 days), and 788 (7.0%) patients died while receiving this therapy. Among patients using SU+insulin, 3,346 (30%) had a limited time of use (<2 months) before Data are n (%) or mean ± SD or median (IQR) COPD, Chronic obstructive pulmonary disease; RASi, renin-angiotensin system inhibitor receiving another therapy, while after 1 year of treatment 1,899 (18%) patients were still alive and were continuing to use SU+insulin. When stopping SU+insulin, most patients changed to insulin monotherapy (68%), triple (or more) therapy (13%) or SU monotherapy (11%), while a few patients changed to metformin+insulin (3%), metformin monotherapy (<1%) or metformin+SU (<1%), or stopped claiming GLT (5%). Metformin+insulin was increasingly used throughout the study period. The median duration of treatment was 465 days (IQR 127-1,109 days), and 774 (4.6%) patients died during the therapy. When stopping metformin+insulin, most patients changed to insulin monotherapy (55%), triple (or more) therapy (17%) or metformin monotherapy (20%), while only a few patients changed to SU+insulin (1%) or SU+metformin (1%), or stopped claiming GLT (5%).
Mortality and cardiovascular endpoints Crude incidence rates of mortality, cardiovascular death and the combined endpoint according to treatment are presented in Table 2 .
SU+insulin was associated with mortality rates that were two to five times higher than combinations of metformin+ insulin. Among individual combinations of SUs+insulin, glibenclamide, tolbutamide and glipizide were associated with the highest incidence rates for all endpoints, whereas the use of gliclazide was associated with lower rates.
RRs from multivariable analyses are presented in Fig. 3 . All combinations of SU+insulin were associated with a significantly higher risk of mortality when compared with metformin+insulin. When pooling combinations of SUs+insulin, higher RRs were observed for all endpoints compared with metformin+insulin.
Using For the propensity score model, the C statistic was 0.78. The baseline characteristics were similar in the propensity score matched populations (ESM Table 2 Hypoglycaemia At baseline, 267 (1%) patients had previously been hospitalised with hypoglycaemia (Table 1) .
A total of 888 (3.5%) patients were hospitalised with hypoglycaemia during the follow-up, the majority only once (83%), but some two (10.6%), three (3.4%) or more (3%) times.
Metformin+insulin was associated with lower incidence rates of hypoglycaemia compared with combinations of SU+insulin, while differences between SUs were less evident (Table 3) . 
Discussion
We investigated the use of insulin in combination with an SU or metformin and the associated mortality and cardiovascular risk in a nationwide setting and report four major findings.
First, a relatively large proportion of individuals using GLT received SU+insulin during the initial study period, although this declined substantially and was replaced with an increased use of metformin+insulin. Second, SU+insulin was associated with increased mortality compared with metformin+insulin when adjusting for potential confounding factors. Third, there were no significant differences between individual SUs in terms of mortality or cardiovascular endpoints when used in combination with insulin. Fourth, hypoglycaemia was associated with increased mortality and SU+insulin was associated with a higher risk of hypoglycaemia than metformin+insulin. However, the complexity of analyses in terms of accounting for the effects of past and present exposures to multiple risk factors and pharmacotherapies must be appreciated when interpreting the results.
To the best of our knowledge, there are no previous studies on the trajectories of prescription patterns and the use of different combinations of oral glucose-lowering drugs with insulin. The increasing use of metformin is consistent with the report in 1998 of its beneficial effect [18] . Furthermore, a study in 1999 [19] claimed significant benefits with respect to weight gain, change in HbA 1c and risk of hypoglycaemia with the use metformin+insulin compared with insulin alone or SU+insulin. These studies are likely to offer an explanation for the change in use of insulin combination treatments.
SU+insulin was associated with higher mortality than metformin + insulin. In a study by Lund et al [20] , metformin+ insulin, when compared with repaglinide+ insulin, was associated with a similar improvement in glucose control but less weight gain after 12 months [20] . However, to the best of our knowledge, there are no large studies on longterm outcomes with the use of SU+insulin compared with metformin+insulin. Our findings suggest that the use of metformin+insulin is associated with an improved prognosis compared with the use of SU+insulin. Although the reason for this is unknown, it may be speculated that a lower weight gain and a lower risk of hypoglycaemia with metformin+ insulin compared with SU+insulin may play a role. There has long been controversy surrounding the potential cardiovascular and mortality risk associated with the overall use of SUs [21] , and studies comparing the risk from SUs with those from other GLTs have yielded conflicting results [11, 12, [22] [23] [24] .
SUs promote insulin secretion by binding to SU receptors in pancreatic beta cells (SUR1) and inhibiting potassium- sensitive adenosine triphosphate. Since SUs vary in their specificity and similar receptors can be found in the myocardium (SUR2A) and smooth muscle cells (SUR2B), it has been speculated that SU therapy could interfere with protective adaptations to prior ischaemia known as ischaemic preconditioning [25] . Glibenclamide in particular has been associated with an inhibition of ischaemic preconditioning [26, 27] , in contrast to glimepiride [27] and gliclazide [28] (with a higher affinity for SUR1). In this study, gliclazide use was associated with the lowest incidence rates of adverse outcomes, consistent with the above speculations. Even though it cannot be excluded that our study lacked sufficient statistical power, the lower risk associated with gliclazide use was not significant in adjusted analyses. In other studies on clinical outcome data, glibenclamide was associated with increased mortality when compared with glimepiride and gliclazide [10, 11] , and it has been speculated that the increased mortality associated with intensive therapy in the Action to Control Cardiovascular Risk in Diabetes (ACCORD) study [15] , a signal not observed in the Action in Diabetes and Vascular Disease: Preterax and Diamicron MR Controlled Evaluation (ADVANCE) study [13] , might be underpinned by a differential use of SUs [11, 14] . Hence, glimepiride and glibenclamide were frequently used in ACCORD, while gliclazide was used as part of the protocol in ADVANCE.
We observed no statistically significant differences between individual SUs in terms of mortality or cardiovascular risk when used in combination with insulin, consistent with previous reports of a lack of difference in risk between SUs [29, 30] . Thus, if differences in mortality risk exist between SUs, combination with insulin seems to eliminate this.
Hypoglycaemia was more frequent with the use of SU+insulin, consistent with reports of a doubling in rates of hypoglycaemia among users of SU+insulin compared with metformin+insulin or insulin alone [19] . In other studies, SU+insulin was associated with only mild hypoglycaemic reactions [5, 31] . Nevertheless, it has been speculated that the use of SU+insulin causing hypoglycaemia could be one explanation for the increased mortality in the intensive therapy arm in ACCORD [9] . We found hypoglycaemia to be Fig. 3 RRs and 95% CIs associated with the use of insulin in combination with SUs or metformin for (a) all-cause mortality, (b) cardiovascular death, and (c) the composite endpoint of acute MI, stroke and cardiovascular death associated with increased mortality, consistent with previous reports of associations with cardiovascular death [32, 33] and all-cause mortality (HR 2.69; 95% CI 1.97, 3.67) [33] . However, adjusting for hypoglycaemia in the multivariable model did not significantly attenuate the difference in mortality between SU+insulin and metformin+insulin. This might be due to low sensitivity of identifying the most severe hypoglycaemic incidences as a cause of death (i.e. death could be presumed to be of other causes), but it also indicates that other factors contributed to the increased mortality. In a longterm follow-up analysis of the ACCORD study, hypoglycaemia did not appear to account for the increased mortality in the intensive therapy arm [34] , indicating that hypoglycaemia might be a marker of adverse outcome rather than a direct causal link [33] . Whether hypoglycaemia is more frequent with certain combinations of GLTs and might be linked to increased mortality warrants further study. One of the strengths of this study is the use of nationwide registries with complete information on all dispensed glucoselowering treatments, avoiding selection bias. However, our study has limitations as information on BMI, BP, dyslipidaemia, HbA 1c and smoking was not available, and these factors could potentially act as confounders. Instead, we adjusted for concomitant cardiovascular pharmacotherapy, household income and comorbidity, including kidney disease and heart failure. However, given the considerable baseline differences between users of metformin + insulin and SU+insulin, the possibility of residual confounding cannot be excluded.
We observed differences in the use of concomitant therapy, including statins, between different groups of SU users and metformin. One explanation could be differences in the time of inclusion, as a higher proportion of users of glibenclamide and metformin was included in the first part of the study, whereas users of, for example, gliclazide were generally included later. An increased use of statin therapy among patients with type 2 diabetes around the millennium might explain the prescription differences. To account for these differences, we adjusted for calendar year of inclusion in all analyses.
A previous restrictive use of metformin in patients with heart failure and renal disease and a fear of lactate acidosis is likely to introduce confounding by indication. Furthermore, we cannot exclude the fact that the shorter treatment duration of SU+insulin might have occurred because patients were actually changing to insulin monotherapy. Nevertheless, sensitivity analyses and propensity score matched analyses yielded similar results. Potential differences between different types of insulin were not investigated in the present study. Finally, the diagnosis of hypoglycaemia has not been validated, and we did not have information on glucose levels. However, as serious hypoglycaemic episodes are likely to be correctly registered, and given their clinical importance, we find it relevant to report the data.
In conclusion, a combination of SU+insulin is being used less frequently, in accordance with guidelines. In adjusted analyses, SU+insulin was associated with increased mortality compared with metformin+insulin. There were no statistically significant differences in risk between individual SUs in combinations with insulin. Hypoglycaemia was more frequent with SU+insulin compared with metformin+insulin and was associated with an increased risk. Differences in baseline characteristics between treatment groups and the observational design should be considered when interpreting the results.
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